The motor neuron (MN) degenerative disease, spinal muscular atrophy (SMA) is caused by deficiency of SMN (survival motor neuron), a ubiquitous and indispensable protein essential for biogenesis of snRNPs, key components of pre-mRNA processing. However, SMA's hallmark MN pathology, including neuromuscular junction (NMJ) disruption and sensory-motor circuitry impairment, remains unexplained. Toward this end, we used deep RNA sequencing (RNA-seq) to determine if there are any transcriptome changes in MNs and surrounding spinal cord glial cells (white matter, WM) microdissected from SMN-deficient SMA mouse model at presymptomatic postnatal day 1 (P1), before detectable MN pathology (P4-P5). The RNA-seq results, previously unavailable for SMA at any stage, revealed cell-specific selective mRNA dysregulations (∼300 of 11,000 expressed genes in each, MN and WM), many of which are known to impair neurons. Remarkably, these dysregulations include complete skipping of agrin's Z exons, critical for NMJ maintenance, strong upregulation of synapse pruning-promoting complement factor C1q, and down-regulation of Etv1/ER81, a transcription factor required for establishing sensory-motor circuitry. We propose that dysregulation of such specific MN synaptogenesis genes, compounded by many additional transcriptome abnormalities in MNs and WM, link SMN deficiency to SMA's signature pathology.
S
pinal muscular atrophy (SMA) is an autosomal recessive motor neuron (MN) degenerative disease and a leading genetic cause of infant mortality (1, 2) . SMA is caused by deletions or point mutations in the survival of motor neurons 1 gene (SMN1) (3) , exposing a splicing defect in a duplicated gene (SMN2), which produces predominantly exon 7-skipped mRNA (SMNΔ7) (4) . This in turn creates a degron that destabilizes the SMNΔ7 protein, resulting in reduced SMN levels (SMN deficiency) (5) . SMA pathology has been extensively characterized in patients as well as a widely used SMA mouse model (6) . Major morphological and biochemical deficits have been found at neuromuscular junctions (NMJs) and sensory-motor synapses. NMJ defects are first detectable at postnatal day 5 (P5), including presynaptic defects of terminal arborization and intermediate neurofilament aggregation in MNs, poor postsynaptic organization of AChRs in muscle, as well as reduced synaptic vesicle density and release at the NMJ (7) (8) (9) . Importantly, similar NMJ defects have been reported in type I (the most severe type) SMA human fetuses (10) . SMA MNs have also been shown to be hyperexcitable and loss of proprioceptive synapses on the somata, and proximal dendrites of SMA MNs (MN deafferentation) occurs no later than P4 (11) (12) (13) . These findings indicate that both peripheral (NMJs) and central (sensory-motor) synapses are affected in SMA mice at early stage of disease. Although SMA is clinically manifested primarily in MNs, recent studies have shown that other cell types and nonneuronal tissues are also involved (13, 14, 15) . SMN, as part of the SMN-Gemins complex (16) , functions in the assembly of Sm protein cores on snRNAs (U1, U2, U4, U5, U11, U12, and U4atac), a key step in snRNP biogenesis (17) (18) (19) (20) .
snRNPs are the major components of the spliceosome, the machinery that splices introns to produce mRNAs (21) . In addition, U1 snRNP protects nascent transcripts from premature termination (a function termed telescripting) and regulates mRNA length (22, 23) . Consistent with its general function, SMN is ubiquitously expressed and essential for viability of all eukaryotic cell types. Both snRNP assembly capacity and SMA severity correspond directly to the degree of SMN deficiency (24, 25) . Interestingly, SMN decrease results in a nonuniform change of individual snRNP's level, and thus an altered snRNP repertoire (abundance and stoichiometry), which is apparent in mouse and Drosophila SMA models (15, 26, 27) . It is likely that this alteration contributes to the transcriptome changes observed in the spinal cord and other tissues of the SMA mouse model at P11 (15) , a symptomatic stage for these mice that typically survive to P13 (6) . The most striking of these changes are widespread tissue-specific differential expression and pre-mRNA splicing defects, consisting of both alternative splicing changes and noncanonical splice site use (15, 28) . These findings indicate that mRNA perturbations are a feature of SMA and that they are not restricted to spinal cord or MNs, where the overt clinical phenotypes manifest (15) .
Despite major advances in understanding the genetic basis of SMA and SMN's function, the molecular basis of SMA pathogenesis has remained unclear, and a direct link between specific transcriptome abnormalities and SMA's distinct synaptic pathogenesis
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in mammalian SMA models has not been established. Here, we performed RNA sequencing (RNA-seq) of laser-capture microdissected (LCM) MNs and neighboring white matter (WM) glia from the same SMA mouse model at P1, an early presymptomatic stage. Our studies identify expression-level changes and splicing abnormalities of specific mRNAs critical for MN function, revealing molecular events at early disease stage that could explain key aspects of SMA pathogenesis. ;Smn −/− ) using LCM. We isolated 1,500-2,000 MN cell bodies from the lumbar level spinal cord of each mouse at age of P1. We also microdissected adjacent WM (including astrocytes, oligodendrocytes, and microglia) as well as neurons and glia of the dorsal horn region (referred to as Dorsal) from the same spinal cord sections (Fig. 1A) , as nonneuronal and non-MN cell controls, respectively. RT-PCR of cell type-specific markers confirmed the effectiveness of the procedure, showing specific MN expression of choline acetyltransferase (Chat), and nerve growth factor receptor (p75 NTR ) preferentially expressed in spinal MNs of embryonic and neonatal mice (29) . In contrast, Gapdh was ubiquitously expressed and glial fibrillary acidic protein (Gfap) expression was detected predominantly in WM and Dorsal (Fig. 1B) .
Results

SMA
For RNA-seq experiments, total RNA was isolated from MNs and WM of two pairs of SMA and WT littermates, derived from two unrelated litters, to control for litter-to-litter variations. Sequencing libraries were prepared from each mouse and profiled by Illumina high-throughput RNA sequencing. We obtained ∼100 million 100-bp paired-end reads from each sample, 50-63% of which were uniquely mapped to the mouse reference genome (University of California at Santa Cruz, UCSC, mm9) using TopHat (30) (Dataset S1). Consistent with the RT-PCR results (Fig. 1B) and confirming the quality of the LCM and RNA-seq procedures, sequencing profiles demonstrated specific expression of p75 NTR in MNs, and Gfap in WM (Fig. 1C ). As expected, no reads were aligned to the Smn1 locus in SMA MNs or WM.
We performed differential expression analysis using DESeq. (31) , with a cutoff of at least twofold and P value < 0.05 to identify significant mRNA level changes in the replicate samples. This process revealed 248 affected genes in MNs (138 up-regulated and 110 down-regulated), and 212 affected genes in WM (125 up-regulated and 87 down-regulated) ( Fig. 2A and Dataset S2). Although both cell populations expressed similar genes overall [∼93% overlap between 11,771 and 12,338 expressed genes in MNs and WM, respectively, based on reads per kilobase per million mapped reads > 2], only seven genes were affected in common ( Fig. 2A and Dataset S2), indicating that SMN deficiency causes cell type-specific mRNA level changes. Examples of these mRNA level dysregulations are shown in Fig. S1 , demonstrating MN-specific up-regulation (Fos) and down-regulation (Ociad2), and WM-specific up-regulation (Mt2) in SMA mice.
To identify alternative splicing changes in MNs and WM of SMA mice, we applied mixture of isoforms (MISO) analysis (32) , with settings of Bayes factor > 10 and jΔΨj > 0.2. We also established two additional analyses to identify additional splicing changes: (i) Novel exons present only in SMA samples, including unannotated 5′ and 3′ splice sites according to common databases (RefSeq, UCSC, AceView or Ensembl), classified as "aberrant splicing" events; (ii) Events that skip two neighboring cassette exons, which we referred to as "two-exon skipped" (Materials and Methods). Overall, we identified 104 (100 genes) and 86 (84 genes) splicing events in MNs and WM, respectively in both replicates (Fig. 2B , and Datasets S3 and S4), most of which did not overlap with differentially expressed genes (only two and four genes in MNs and WM, respectively) (Dataset S5). This finding suggests that most of the splicing events affect the corresponding isoforms' expression without changing the overall transcript level. Moreover, despite that the vast majority of genes affected by splicing are expressed in both MNs and WM, only eight genes showed similar splicing changes in both MNs and WM (Dataset S5) , demonstrating that splicing changes caused by SMN deficiency are also cell-type specific.
Although the amount of RNA precluded measuring all of the snRNAs in the same samples, absolute quantitation at presymptomatic P3 revealed major changes in snRNP repertoire ( Fig. S2) , consistent with the findings that SMN deficiency results in individual snRNA-specific perturbations of snRNP levels (15, 26) . Considering a recent report showing that inefficient splicing of the minor (U12) intron of CG8408 (Stasimon) contributes to NMJ defects in Drosophila smn mutants (27), we searched the U12 intron database (U12DB) (33) and found four and five genes that contain minor introns affected by splicing in P1 SMA MNs and WM, respectively (Dataset S6). However, none of those splicing changes occurs in regions where U12 introns reside (Dataset S6), and neither expression nor splicing was affected for Tmem41b (mouse homolog of Stasimon), indicating that the minor splicing pathway is not selectively perturbed in SMA at this early time point.
The total number of genes whose mRNAs are affected at P1 in MNs and WM are 348 and 296, about 3% and 2.4% of expressed genes in MNs and WM, respectively. Thus, SMN deficiency did not cause widespread transcriptome changes at P1. Consistently, Gene Ontology and pathway analysis by DAVID (34) did not reveal significant enrichment of any pathways or biological processes for genes up-regulated, down-regulated, or affected by splicing in MNs or WM. Nevertheless, a few splicing changes in mRNAs occurred that could explain the pathogenic features MNs exhibit at P4-P5, including defects in maturation and neurotransmission of NMJ and MN deafferentation.
Considering SMA's NMJ pathology, the heparin sulfate proteoglycan agrin (Agrn) is of particular interest. Agrin is an extracellular matrix protein that is expressed in spinal cord MNs as well as many other neuron types in the CNS, and is critical for the postsynaptic organization of the NMJ (35) . Specifically, the neuronal agrin isoforms containing Z exons (exons 32, 33, or both) (Fig. 3A) , Z + agrin, are 1,000-fold more active than those lacking Z exons in inducing aggregation of AChR clusters at the NMJ (35, 36) . Z exon splicing is developmentally regulated, with Z + agrin mRNA expressed at its highest levels between embryonic day 18 and P6 (37) . As expected, we observed that Z + agrin mRNA isoforms were clearly neuron-specific, present in MNs but not in WM of WT mice (Fig. 3A) . Strikingly, Z + agrin mRNA was drastically reduced in MNs of both SMA mice. Instead of exclusively producing Z exon-containing isoforms as in WT MNs, SMA MNs expressed agrin mRNA that skipped Z exons (Fig.  3A) . The loss of Z + agrin mRNA in SMA MNs was further confirmed by RT-PCR with a second set of primers that specifically interrogated the Z + isoform (Fig. 3A, Lower) . Importantly, immunostaining of lumbar spinal cord cross sections using an antibody specific to agrin's Z peptides (38) showed a corresponding loss of Z + agrin protein in P1 SMA MNs (Fig. 3B ). Although some SMA MNs retain residual Z + agrin staining at P1 (consistent with RT-PCR results), Z + agrin staining was undetectable at P3 (Fig. 3C) .
Focusing on genes critical for MN function, we performed additional RT-PCR and quantitative RT-PCR (RT-qPCR) experiments to test 29 splicing events and 6 differential expressed genes identified by RNA-seq, respectively, all of which were confirmed (Figs. 3A, 4, and 5A). These events include MNspecific splicing events in Mark2, Camk2d, Gria4, and Dusp22 (inclusion of a previously unannotated exon 3a), WM-specific events in Atxn2 and Uspl1, and splicing events that occurred in both MNs and WM (Adarb1 and Mphosph9) of SMA mice (Fig.  4A) . Importantly, none of these transcripts spliced abnormally in the Dorsal region, except Mphosph9 and Uspl1 (Fig. S3) , further supporting that splicing changes in SMA MNs and WMs are celltype-specific.
We have characterized the alternative splicing changes in Gria2 and Gria4, which encode core subunits of AMPA-type glutamate receptors that are critical for glutamatergic excitatory synapses (39) . Alternative splicing via mutually exclusive exons generates flip or flop isoforms affecting the ligand-binding domain, which imparts different pharmacologic and kinetic properties on currents evoked by L-glutamate or AMPA (40) . We observed that the abundance of Gria2 and Gria4 flop splice variants increased sharply in SMA MNs (2-to 20-fold increase) ( diminished synaptic transmission observed in SMA MNs (12) . We then tested whether the splicing abnormalities in Agrn and Gria4 occur before P1, using MNs and WM isolated from SMA mice at P0. Similar splicing changes were found for both Agrn and Gria4 in P0 SMA MNs (Fig. S4) , indicating that these splicing events take place at an even earlier time point. Examples of differentially expressed genes are shown in Fig.  4B , including the transcription factor Etv1 (down-regulated in MNs and up-regulated in WM) and the neurotrophic factors Igf1 and Igf2 (down-regulated in MNs and up-regulated in WM, respectively). Etv1 controls a late step during establishment of functional sensory-motor circuitry in the developing spinal cord (42) . Knockout of Etv1 causes deafferentation of MNs in the spinal cord and a diminished functional motor output in neonatal mice (42) . The 77% decrease of Etv1 mRNA in MNs (Fig.  4B and Dataset S2) could explain impaired sensory-motor synapse development and MN deafferentation in SMA (11) (12) (13) . Similarly, the down-regulation of Igf1 and one of its substrates (Fig. 4B and Dataset S2) could contribute to the degeneration of SMA MNs, as both Igf1 and Igf2 neurotrophic factors are important for MN axonal outgrowth and NMJ formation (43) .
An additional surprising finding from the transcript level analysis was the up-regulation of mRNAs for all three subunits of the C1q complex in SMA MNs (260%, 350%, and 200% increase for C1qa, C1qb, and C1qc, respectively) ( Fig. 5A and Dataset S2). C1q is the initiating protein complex of the classic complement cascade. Besides its immune functions, C1q has recently been shown to play an essential role in synaptic pruning during embryonic and postnatal CNS development (44) (45) (46) . We therefore interrogated the expression of C1q protein by immunostaining. C1q protein levels were low and unchanged at P1 in MNs of both WT and SMA mice (Fig. S5) , but a much stronger staining is clearly observed at P2 in SMA MNs compared with WT MNs (Fig.  5B) . The C1q mRNA up-regulation at P1 (Fig. 5A) immediately followed by its dramatic protein level increase at P2 (Fig. 5B) in SMA MNs could likely promote overpruning of synapses and impair neural connectivity, characteristic of the SMA phenotype.
Discussion
A lack of transcriptome profiles in SMA MNs, especially antecedent to overt MN pathology, has hampered understanding of the molecular basis of this degenerative disease. We have obtained RNA-seq from pure MN and WM populations of the lumbar sections, the spinal cord level that is particularly affected in SMA, and found that expression of only ∼300 genes were affected in each at P1. The lack of a significant effect on the vast majority of genes (> 11,000) indicates that the SMA MNs are not extensively or nonspecifically damaged at this early stage. The diversity of transcriptome perturbations, including both splicing changes and expression level changes, as well as of the functions of the affected genes, makes it difficult to ascribe the MNs' dysfunction and demise to any one gene or mechanism. However, several of them are particularly striking as they have critical MN functions and impairment of each of them alone could explain a significant aspect of SMA's synaptic pathology that manifest later, at P4-P5. Both the nature of these genes (discussed below) and the critical timing of their dysregulation suggest that they have a role in SMA pathogenesis. The transcriptome abnormalities at P1 suggest that some motor unit functions could be impaired even earlier than overt structural NMJ disruptions. Recent observations from a related SMA mouse model have indeed shown muscle weakness at P2 (7, 47) . Fig. 3A . The abundance of Gria4 flop splice variant was quantitated by RT-qPCR. The unannotated exon 3a in Dusp22 is shown in red. Alternative 5′ splice sites created two exon 7 variants in Adarb1, indicated by 7L (long exon 7) and 7S (short exon 7). (B) RT-qPCR reactions confirmed differential expressed genes identified by RNA-seq. Each reaction used cDNA produced using MNs, WM, and Dorsal isolated from two WT or two SMA mice. Expression level of each gene was monitored by using validated Taqman gene-expression assay and normalized by Gapdh mRNA levels. Error bars indicate SD (*P < 0.05, Student t test). Two transcriptome changes appear to be particularly relevant to SMA pathogenesis: the skipping of agrin Z exons and the upregulation of C1q. Z + agrin expression in mouse neuronal tissues correlates with developmental stage when it is required for organization of the postsynaptic AChR clusters into the complex pretzel-like pattern, and for stabilizing NMJ synaptic contact (35, 37) . Our experiments revealed that expression of Z + agrin mRNA is drastically reduced, and Z + agrin protein is severely deficient in SMA MNs at P1 and completely absent at P3 (Fig.  3) . Constitutive loss of Z + agrin in all neurons has a much more severe phenotype than SMA, causing perinatal death in mouse (36) . Z + agrin is produced normally in dorsal region neurons of P1 SMA mice (Fig. S3) , indicating that the SMA mice are capable of expressing Z + agrin. However, the skipping of Z exons and the resulting Z + agrin protein deficiency in SMA MNs between P1 and P3 would impair postsynaptic AChR clustering, as observed at P5 in this SMA model (7) (8) (9) .
The up-regulation of complement factor C1q was striking and unexpected. Unlike amyotrophic lateral sclerosis (ALS), an adult onset MN degenerative disease, where neuroinflammation is well-documented (48), there is little evidence of inflammation involvement in SMA (49) . Both neuron and microglia-derived C1q has an important role in the developing CNS, where it tags synapses for elimination through classic complement cascade (44) (45) (46) . C1q-mediated synaptic pruning is essential for remodeling of immature synaptic circuits in the CNS of neonatal mice (46) . Importantly, C1q up-regulation has been linked to neurodegeneration in the retina of a glaucoma mouse model (45) . Up-regulation has also been observed in MNs of ALS mouse models (50, 51) . We propose that aberrant C1q up-regulation could promote excessive loss of MN synapses in SMA (e.g., MN deafferentation observed in SMA mice) (11) (12) (13) .
Additional abnormalities in several other genes, some of which have been associated with neurodegenerative diseases, likely contribute to the SMA phenotype and have a compounding effect. For example, a strong reduction in circulating Igf1 has also been reported in an SMA mouse model (14) , as have alterations in AMPA receptors Gria2 and Gria4 splice isoforms, which would be expected to affect synaptic transmission at glutamatergic excitatory synapses (12, 41) . AMPA receptor dysregulation has also been described in Alzheimer's disease and clinical trials for Alzheimer's disease patients are ongoing using AMPA receptor-positive modulators (41, 52) , which we suggest could also be beneficial for SMA.
Consistent with previous observations (15), cell-type-specific mRNA abnormalities in P1 SMA mice are not limited to MNs and occur also in the surrounding glia. Many of these abnormalities would likely be deleterious to MNs. For example, mRNA expression of Ptgds, a key enzyme in prostaglandin D2 (PGD2) biogenesis, is up-regulated by ∼10-fold (Dataset S2). PGD2, an immune response mediator highly elevated in ALS glia, is toxic to MNs (53) . In addition, expression of 12 genes encoding extracellular matrix and cell adhesion components (e.g., collagens and laminins), and 19 ion or solute transporters are dysregulated in WM (Dataset S2). Notably, collagen abnormalities have been described in spinal cord of ALS patients (54) . These changes would disturb the MN's microenvironment and spinal cord homeostasis, and likely contribute to SMA pathogenesis (13) . A clear role for toxicity derived from nonneuronal supporting cells, such as glia, in MN dysfunction and death has been demonstrated in ALS and other neurodegenerative diseases (53, 55) .
The intervening steps between SMN decrease and the mRNA abnormalities remain to be elucidated. SMN functions in snRNP biogenesis as part of the SMN-Gemins complex (16, 20) and SMN deficiency causes tissue-specific snRNA repertoire perturbations (15, 26) , which likely elicit the mRNA expression and splicing abnormalities found in MNs and WM at this early presymptomatic stage. We have not detected changes in mRNAs encoding neuronspecific splicing factors, such as Nova1/2, which can regulate agrin's Z exon splicing (56), or neural polypyrimidine tract-binding proteins (57) at P1. However, abnormalities detected in several other transcription and splicing factors (e.g., Etv1, Fos, Trp53, Tra2b and Celf3) (Datasets S2-S4) could potentially explain why the transcriptome defects in SMA exacerbate over time (15, 28) . Our findings do not support a recent proposal of an especially important role for minor spliceosome disturbance in SMA pathology (27) , as splicing of minor (U12) introns is not affected.
Previous investigations have left open the question of whether SMA's synaptic pathogenesis results from a general transcriptome deterioration, specific mRNA abnormalities, or perhaps functions unrelated to mRNA biogenesis that SMN has been suggested to have (58) . Our findings show that splicing and other mRNA expression abnormalities affect specific genes that are either required or would likely be deleterious to MN synapses (NMJ and motor-sensory) at a critical time window. By altering the mRNA processing machinery, SMN deficiency sets in motion a cascade of transcriptome and proteome changes in MNs and their supporting WM. The mRNA dysregulations explain the ensuing key features of SMA, linking SMN's general function in RNA metabolism with SMA pathogenesis. In addition to the insights they provide into the mechanism of SMA pathogenesis, our findings reveal unique and potentially attractive targets for alleviating SMA severity, including correcting Z + agrin splicing and inhibiting C1q. Importantly, our findings underscore SMN's central role in transcriptome regulation.
Materials and Methods
Mouse Tissue Harvesting, Tissue Embedding, Sectioning, and LCM. All mouse experiments were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee (IACUC Protocol #800714). Founders of the SMA mouse model (SMN2 +/+ ;SMNΔ7 +/+ ;Smn −/− ) were purchased from Jackson laboratory (stock # 005025). For LCM, the lumbar spinal cord was dissected, embedded in NEG 50 (Richard-Allan Scientific) on dry ice/ethanol mixture, and stored at −80°C. Cross-sections of 8-μm thickness were prepared in a cryostat and transferred to PEN membrane slides (Zeiss). Slides were stained by Mayer's hematoxylin (Sigma), using an LCM staining kit (Ambion). LCM was performed on a PALM microbeam UV laser microdissection system (Zeiss). For this process, 45-50 sections from each mouse were used to isolate MNs, WM, and Dorsal samples.
RNA Purification, Amplification, and cDNA Processing for RNA-seq Analysis. Total RNA from LCM samples was purified by using RNeasy Plus Micro kit (Qiagen). Average LCM dissected area for each mouse and yield of total RNA from each sample: MNs: ∼500,000 μm 2 (∼1,500 cell bodies), 5-7 ng; WM: ∼2,000,000 μm 2 , 5-7 ng; Dorsal: ∼2,000,000 μm 2 , 17-20 ng. RNA quality (RIN 8-9) and quantity were analyzed on a 2100 Bioanalyzer (Agilent), using RNA 6000 Pico chips. ds-cDNA was produced by using Ovation RNA-seq System V2 (NuGEN) and fragmented by a Covaris S-series System (Covaris). DNA fragments in 150-to 300-bp size range were recovered to construct sequencing library, using Encore NGS Library System I (NuGEN), and submitted to NextGeneration Sequencing Core at University of Pennsylvania for 100 bp pairedend RNA-seq, using an Illumina HiSeq2000 sequencer.
RNA-seq Data Alignment, Differential Gene-Expression Analysis, and Alternative Splicing Events Analysis. These analyses were performed using Tophat (30), DESEq. (31) , and MISO (32), plus two custom analyses, respectively. See SI Materials and Methods for details.
Immunofluorescence Staining of Mouse Spinal Cord Cross-Sections. Lumbar segment spinal cords were dissected after the mice were perfused with sterile PBS, fixed overnight in 4% (vol/vol) PFA at 4°C. The segments were cryoprotected in 30% sucrose in PBS at 4°C and mounted in NEG 50 (RichardAllan Scientific), sectioned at 10-μm thickness in a cryostat and stored at −80°C
. Sections were postfixed in 4% PFA in PBS for 10 min, rinsed 2 × 5 min in PBS, and permeabilized with methanol for 5 min, then blocked for 1 h in 2% (wt/vol) BSA, 2% (vol/vol) NGS/PBST, and incubated overnight at 4°C, using the following antibodies: mouse antiagrin (1:250; Chemicon, MAB5204) and rat anti-C1q (1:250; Abcam, ab11861). Sections were washed 4 × 5 min in PBST and incubated for 1 h with Alexa Fluor 488 goat anti-mouse IgG or goat anti-rat secondary antibody (Invitrogen), followed by 3 h incubation of rabbit anti-p75 NTR (1:500; Abcam, ab38335) and Alexa Fluor 594 goat anti- (2) . Genes with RPKM > 2 were considered as expressed genes.
Differential Gene-Expression Analysis. Differential gene-expression sequence analysis (3) was performed to detect differentially expressed genes. The input count data for each gene was computed by BEDTools (4). Replicates were considered when estimating dispersion for each gene and then negative binomial test was conducted to test differentially expressed genes.
Alternative Splicing Events Analysis. Mixture of isoforms (MISO) (5) (v0.4.1 with default parameters) was applied to the aligned RNA-seq data to identify differentially spliced isoforms between WT and spinal muscular atrophy (SMA) samples, which estimates expression at alternative splice-event level by computing Ψ (percent spliced isoform, PSI), and calculates Bayes factors to measure the differential expression. The alternative splicing events were filtered by the criteria modified from MISO manual: (i) at least one inclusion read, (ii) one exclusion read, such that (iii) the sum of inclusion and exclusion reads is at least 10 and (iv) the jΔΨj is at least 0.2, and (v) the Bayes factor is at least 10, and i-v are true in one of the samples. Same alternative splicing events are required to be identified in both SMA samples.
Two-Exon-Skipped and Aberrant Splicing-Event Analysis. We developed custom pipelines to identify two-exon-skipping and aberrant splicing events by analyzing junction reads outputted from Tophat. For two-exon-skipped events, the coordinates were obtained from AceView database. Junction reads were then extracted accordingly and normalized to total number of mapped reads. We defined the inner junction as the "inclusion junction" across two skipping exons and the outer junction as the "exclusion junction" connected to the other two exons. We constructed a two-by-two contingency table using the inner junctions and the outer junctions in WT and SMA samples. P values were generated by Fisher's exact test using R (www.r-project.org) and P < 0.01 was set as threshold. Similarly, for the aberrant splicing events, we identified aberrant junctions by requiring one splicing site within the canonical site, whereas the other site matched the annotated splicing site. The number of canonical junctions and aberrant junctions in WT and SMA samples were then normalized and used to compute P values. For a splicing event to be considered as aberrant, we required at least 20 reads (in SMA) that support each aberrant junction (not annotated in RefSeq, UCSC, AceView, or Ensembl databases), twofold or more of these reads in SMA compared with WT, and P < 0.01.
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
Pathway Analyses of Dysregulated Genes. We used DAVID Bioinformatics Resources 6.7 (http://david.abcc.ncifcrf.gov/) for all of the analysis. For the genes affected in SMA motor neurons (MNs) or white matter (WM), a background corresponding to all genes expressed in the MNs or WM was used.
RT-PCR and Quantitative RT-PCR. For all of the semiquantitative RT-PCR and quantitative RT-PCR (RT-qPCR) experiments analyzing mRNAs, we used the synthesized cDNA samples by Ovation RNA-seq System V2. Ten nanograms of cDNA were used in each PCR using Platinum Taq DNA polymerase (Invitrogen). PCR products were resolved in 4.5% Nusieve 3:1 agarose (Lonza) gels and visualized in a Molecular Imager Gel Doc XR system (Bio-Rad). Sequences of primers used in the RT-PCR experiments are listed in Table S1 . RT-qPCR experiments were performed on a 7900HT Fast Real-time PCR system (ABI), following the manufacturer's recommended conditions. mRNA levels were measure using SYBR Green and Taqman Gene Expression Assays (ABI) (Tables S1 and S2) , and snRNA levels were measured following procedures previously described (6) . . Immunofluorescence staining of C1q did not detect protein level difference between WT and SMA MNs at P1. Immunofluorescence staining of C1q protein complex was performed as described in Fig. 3B ; similar levels of weak C1q staining was detected in P1 WT and SMA MNs. (Scale bars, 25 μm.)
